The influence of solar irradiance and carbon dioxide molar fraction of injected CO 2 -air mixtures on the behavior of outdoor continuous cultures of the microalga Phaeodactylum tricornutum in tubular airlift photobioreactors was analyzed. Instantaneous solar irradiance, pH, dissolved oxygen, temperature, biomass concentration, and the mass flow rates of both the inlet and outlet oxygen and carbon with both the liquid and gas phases were measured. In addition, elemental analysis of the biomass and the cell-free culture medium was performed. The oxygen production rate and carbon dioxide consumption rate increased hyperbolically with the incident solar irradiance on the reactor surface. Carbon losses showed a negative correlation with the daily variation of the carbon dioxide consumption rate. The maximum CO 2 uptake efficiency was 63% of the CO 2 supplied when the CO 2 concentration in the gas supplied was 60% v/v. Carbon losses were >100% during the night, due to CO 2 production by respiration, and hyperbolically decreased to values of 10% to 20% in the midday hours. An increase in the carbon fixed in the biomass with the solar cycle was observed. A slight daily decrease of carbon content of the cell-free culture medium indicated the existence of carbon accumulation in the culture. A decrease in CO 2 molar fraction in the injected gas had a double benefit: first, the biomass productivity of the system was enhanced from 2.05 to 2.47 g L −1 day −1 by reduction of CO 2 inhibition and/or pH gradients; and second, the carbon losses during the daylight period were reduced by 60%. The fluid dynamics in the reactor also influenced the carbon losses: the higher the liquid flow rate the higher the carbon losses. By using a previous mass transfer model the experimental results were simulated and the usefulness of this method in the evaluation and scale-up of tubular photobioreactors was established.
INTRODUCTION
Phototrophic microalgal growth requires a supply of carbon dioxide as a carbon source. At the same time, the CO 2 supply contributes to control of the pH of the culture. Chemical analysis has shown that algal biomass consists of 40% to 50% carbon, which suggests that about 1.5 to 2.0 kg of CO 2 is required to produce 1.0 kg of biomass. According to previous studies, the supply of carbon to microalgal mass culture systems is one of the principal difficulties and limitations must be solved (Benemann et al., 1987; Oswald, 1988; Tapie and Bernard, 1988) . The principal point of all considerations relating to the CO 2 budget is that, on the one hand, CO 2 must not reach the upper concentration that produces inhibition and, on the other hand, must never fall below the minimum concentration that limits growth (Rados et al., 1975) . These maximum (inhibition) and minimum (limitation) concentrations vary from one species to another and are not yet adequately known, ranging from 2.3 и 10 −2 M to 2.3 и 10 −4 M (Lee and Hing, 1989; Rados et al., 1975) . Current CO 2 transfer technology in mass algal culture systems suffers the shortcomings of inefficient CO 2 transfer across the gas-liquid interface and loss of valuable CO 2 in the exhaust air (Gudin, 1978; Heussler et al., 1978; Richmond and Becker, 1986) . In this respect, Benemann et al. (1987) analyzed the costs involved in the production of microalgal biomass. One major cost identified by this analysis was the supply of CO 2 and its transfer to the culture, amounting to about one third the cost of the largest scale systems. Olaizola et al. (1991) reported that by increasing the partial pressure of CO 2 in the gas that is introduced into the reactor, from 33.4 to 199.6 Pa, biomass cost can be reduced by 40%. In addition to CO 2 supply, the pH of the culture must be controlled. Moreover, due to the existence of buffer bicarbonates, carbon availability is a function of total inorganic carbon and pH of the culture (Pruder and Bolton, 1979) . The most suitable form of supplying CO 2 is by on-demand injection of CO 2 , either mixed in the airflow (Chini Zitelli et al., 1996) or directly in the culture broth (Molina Grima et al., 1994) or by means of a mixing ab-sorber (Livansky et al., 1973) . To be available to culture, carbon dioxide must move from a gas phase to a liquid phase. Thus, gas-liquid mass transfer is a function of the volumetric mass transfer coefficient (K L a) and the driving force (i.e., the difference between the partial pressure of CO 2 in the gas and the liquid phases). For a biomass productivity of 2.0 g L −1 day −1 and a 50% carbon content in the biomass, the CO 2 demand is greater than 0.10 g CO 2 m −3 s −1 during the 10-h daylight period. If pure CO 2 is injected directly into the culture, a K L a value of 1 и 10 −4 s −1 is sufficient to satisfy the carbon requirements. Typically, the K L a values in photobioreactors tend to be much greater (Camacho Rubio et al., 1999) , hence sufficient CO 2 is almost always available. Any excess CO 2 is lost to the atmosphere. CO 2 loss is mainly a function of the volumetric mass transfer coefficient and the mass transfer driving force ([CO 2 ]* − [CO 2 ]).
Despite the number and variety of experimental studies on microalgal cultivation, studies on the characterization of CO 2 uptake efficiency of aerated culture systems are still fragmentary and approximate. In most cases, the information on CO 2 consumption efficiency pertains only to the unique value of the air-CO 2 mixture employed. Thus, Talbot et al. (1990) reported efficiencies of 70% in Pormidium bohneri cultures in tank reactors by using porous plate diffusers, whereas Watanabe and Hall (1996) reported efficiencies of 54% in Spirulina platensis cultures in helical tubular photobioreactors. Recently, Camacho Rubio et al. (1999) reported a model for CO 2 and oxygen mass transfer in tubular photobioreactors based on differential mass balances. Their model allows one to evaluate this the influence of culture conditions on the behavior of the system, particularly carbon requirements, dissolved oxygen concentration, and pH variation. The present work characterizes the absorption of CO 2 in microalgal cultures to better understand the relationship between inorganic carbon availability and algal productivity. For otherwise fixed conditions, air containing various amount of CO 2 is injected in the solar receiver of a photobioreactor to obtain a range of culture conditions. Thus, the behavior of the system is monitored instead of photosynthesis rate, biomass productivity, and CO 2 losses.
MATERIALS AND METHODS

Microorganisms and Culture Conditions
The microalga Phaeodactylum tricornutum (UTEX 640) was cultured using Mann and Myers (1968) medium prepared from sterilized seawater in the continuous mode at a constant dilution rate of 0.040 h −1 for 10 h during the daylight period, throughout all of April, May, and early June. This dilution rate provided the highest outdoor biomass productivity for this strain (Acién Fernández et al., 1998) . The biomass concentrations of the quasi-steady states were somewhat different for each of the CO 2 -air mixtures studied. Upon reaching quasi-steady-state conditions, the culture was maintained for at least 3 days. The pH of the culture was controlled at 7.7 by on-demand automatic injection of CO 2 -air mixtures. The temperature was controlled at 20°C by thermostating the water pond within which the solar receiver was submerged. The mean daily irradiance on the culture surface averaged 1200 ± 300 E m −2 s −1 . To avoid the influence of solar irradiance only data obtained on days with similar irradiances, 1200 ± 50 E m −2 s −1 , were considered.
Culture System
A detailed description of the photobioreactor used has been reported elsewhere (Acién Fernández et al., 1997) . The photobioreactor consisted of an airlift pump that circulated the culture fluid through a horizontal tubular solar receiver. The total culture volume in the reactor was 0.050 m 3 . The airlift section (riser, downcomer, and degasser) had a height of 2.6 m. The solar receiver was made of transparent Plexiglas tubes (0.024 m internal diameter, 0.003 m wall thickness) joined into a loop configuration by Plexiglas joints to obtain a total horizontal length of 80.8 m, which provided an illuminated surface of 6.1 m 2 . The solar receiver was submerged (0.05 m) in a shallow pool of water thermostated by a heat pump (Calorex 4000, Andrews, Sykes Ltd., Malcolm, Essex, UK). The bottom and inside walls of the pool were painted white to improve their reflectance. A valve located on the side of the degasser section was used to continuously harvest the culture.
On-Line Measurements
The temperature, dissolved oxygen, and pH were measured by sensors located in the degassing zone. The data were monitored by a ML-4100 control unit (New Brunswick Scientific, New Brunswick, NY) connected to a computer for data logging. CO 2 -air mixtures of 0.40, 0.50, 0.60, 0.75, and 1.00 CO 2 molar fractions were injected directly, depending on pH requirement at the beginning of the external loop, whereas the air was continuously supplied at the end of the external loop (i.e., at the entrance of the riser). The mass flow rates of both the inlet air and CO 2 -air mixture injected were measured by two mass flow meters (Model 824-13-0V1-PV1-V4, Sierra Instruments Inc., Monterey, CA). The mass flow rate of the intermittently injected CO 2 mixture was the same in all the experiments, thus avoiding any influence that differently size bubbles (that could be generated at different flows) may have had on the K L a within the solar receiver. However, there were unavoidable fluctuations in the mass flow rate in the air that was continuously bubbled in the riser (24 h/day during the 2 months of experimentation). This, as discussed later, would influence only slightly the fluctuations in the fluid dynamics of the culture system. A gas analyzer (Servomex Analyzer Series 1400) was used to monitor the composition of the inlet and exhaust gases. The mass flow meters and gas analyzer were connected to a data acquisition card IOtech Inc., Cleveland, OH) and an IBM-compatible 486 computer for recording and monitoring. The instantaneous photon-flux density of the photosynthetically active radiation (PAR) inside the thermostatic pond, and therefore the irradiance impinging on the reactor surface, I w , was measured on-line using a quantum scalar irradiance meter Licor Instruments, Lincoln, NE) connected to a data acquisition card and a computer for data acquisition. The daily mean photon-flux density of photosynthetically active radiation (PAR) inside the thermostatic pond, I wm , was calculated as the integral of the instantaneous photon-flux densities throughout the entire light period:
(1)
Analytical Methods
The biomass concentration was determined as dry weight. For this, duplicate culture samples were centrifuged (1800g), washed with 0.5 M NaCl and distilled water to remove nonbiological material such as mineral salt precipitates, lyophilized for 3 days, and weighed. The elemental composition (C, H, N, S) of the biomass and cell-free culture medium was determined using an elemental analyzer . For analysis of cellfree culture medium (supernatant) samples of about 5 L were utilized; for analysis of lyophilized biomass, around 2 mg of sample was used. The samples were oxidized at 1000°C with a controlled amount of oxygen. The resulting gases were passed through selective detectors for carbon, hydrogen, and sulfur, whereas a thermoconductivity sensor was used for nitrogen.
Oxygen Generation Rate, CO 2 Consumption Rate, CO 2 Losses, and Uptake Efficiency
The oxygen generation rate, carbon dioxide consumption rate, and carbon losses in the system were estimated through hourly mass balances on the photobioreactor:
For both oxygen and CO 2 mass balances, the outlet term was the sum of molar flow in the air and in the cell-free culture medium moving out from the culture (Fig. 1) . The inlet term was the sum of molar flow with the air bubbled in the riser, the medium supplied, and the injected gas. The accumulation term was calculated as the slope of the concentration in the cell-free culture versus time, thus the generation in each hour was calculated. The percentage of carbon loss was calculated as the ratio between the carbon leaving the system with the air moving out from the degasser plus the culture broth harvested, and the CO 2 injected at the inlet of the solar receiver:
The CO 2 uptake efficiency was calculated as the ratio between the carbon fixed in the biomass and the carbon injected by the CO 2 -air mixture.
Liquid Velocity and Volumetric Mass Transfer Coefficient in the Bioreactor
The methods for determining the volumetric mass transfer coefficient and the liquid velocity in the bioreactor device have been described by Camacho Rubio et al. (1999) .
RESULTS
The influence of the CO 2 molar fraction in the injected gas on daily and hourly variation of culture parameters was studied. Only data from days with similar average irradiance on the reactor surface (I wm ‫ס‬ 1200 ± 50 E m −2 s −1 ) were utilized; also, the temperature was controlled at 20 ± 2°C. For all assayed CO 2 molar fractions in the injected gas, a similar daily variation in culture conditions was observed (Fig. 2) . The biomass concentration increased during the daylight period because the growth rate, , was higher than the imposed dilution rate, D. Thus, accumulation of biomass in the reactor took place. During the night, the accumulated biomass was consumed by respiration, so that the biomass concentration at the beginning of the next day equaled that of the previous day. The dissolved oxygen in the culture, measured at the degasser, increased from 80% in the morning to 130% at midday (of air saturation), whereas, in the afternoon, a decrease in dissolved oxygen was observed due to a reduction of photosynthesis rate (Fig. 2 ). This variation indicated the existence of an oxygen accumulation term. A similar daily variation of culture pH was observed, and the higher the solar irradiance the higher the pH of the culture. During the night, the pH of the culture was lower than the set point (ca. 7.6), whereas at midday it increased to above the set point to reach values near to 8.0 (Fig. 2) . With regard to the influence of injected gas, the lower the CO 2 molar fraction in the injected gas the higher the quasi-steady-state biomass concentration, and therefore the higher the biomass productivity of the system (Fig. 3) . The quasi-steady-state biomass concentration increased from 5.1 to 6.2 g L −1 when the CO 2 molar fraction in the injected gas decreased from 1.00 to 0.40; the maximum biomass productivity, 2.47 g L −1 day −1 , was reached when a 0.40 CO 2 molar fraction in the injected gas was used. The culture pH could be satisfactorily controlled even with the reduced CO 2 content in the injected gas. However, the mean daily pH of the culture depended on the CO 2 content, especially when the CO 2 mole fraction exceeded 0.6 (Fig. 3) .
To determine the oxygen generation and carbon dioxide consumption rates in the system the mass flow and composition of inlet and exhaust gases were measured. For all experiment, a similar daily variation of the CO 2 amount injected and composition of exhaust gas were observed. As shown in Figure 4 , the O 2 molar fraction in the gas leaving the reactor was lower than in the inlet air during the night due to consumption by respiration. In the first hours of the illuminated period the O 2 molar fraction increased markedly, indicating a high oxygen generation rate; however, at midday, it remained approximately constant, and decreased slowly during the afternoon due to a reduction of the photosynthesis rate. The injection of CO 2 -air mixtures took place throughout the day and night periods, although, during the night, the amount injected was significantly lower than that injected during the day, that is, a mean value of 0.07 g min −1 during the night vs. 0.40 g min −1 during the day (Fig.  4) . The CO 2 molar fraction in the exhaust gas was always higher than that in the bubbled inlet air thus indicating that CO 2 was always lost (Fig. 4) . Regarding the influence of the CO 2 molar fraction on O 2 generation and CO 2 consumption rates, an increase of the O 2 molar fraction in the exhaust gas (except for the experiment at 0.4 molar fraction, which is discussed later) and a decrease in the CO 2 molar fraction in the exhaust gas (when the CO 2 molar fraction in the injected gas decreased) was observed (Fig. 5) . The mean daily O 2 composition of the exhaust gas increased from 20.0% to 20.4%, whereas the CO 2 content of the exhaust gas decreased from 0.40% to 0.28% (data on a wet basis). The amount of CO 2 injected averaged 0.23 ± 0.1 g min −1 , not defined variation with the CO 2 molar fraction in the injected gas being observed (Fig. 5) .
To analyze the influence of the CO 2 molar fraction on the composition of the biomass and efficiency of carbon assimilation, elemental analysis of biomass and cell-free culture medium was performed. The carbon content of the biomass increased during the day by 2.5%. The hydrogen content also increased, whereas the nitrogen and sulfur content decreased, although these changes were less pronounced (Fig.  6) . With regard to the cell-free culture medium, results show that, during the day, the carbon content of the supernatant decreased slightly, whereas the nitrogen content increased slightly and the sulfur content was nearly constant (Fig. 6 ). The measured variations during the daylight period were −0.011% and 0.005% for carbon and nitrogen, respectively.
The influence of CO 2 content of the injected gas on the elemental analysis of the biomass is shown in Figure 7 . Carbon and nitrogen decreased 2.9% and 1.8%, respectively, when the CO 2 concentration decreased from 1.0 to 0.4. Also, the CO 2 molar fraction in the injected gas influenced the supernatant composition; that is, the lower the CO 2 molar fraction in the injected gas the lower the carbon and nitrogen content of the cell-free culture medium, with the sulfur content remaining constant (Fig. 7) . In this case, the measured variations were 0.015% and 0.003% for carbon and nitrogen, respectively.
DISCUSSION
The behavior of microalgal cultures injected with different CO 2 contents in the gas phase cannot be explained without considering the diurnal variation of the solar irradiance.
Irradiance level determines the instantaneous oxygen generation rate in the culture. The photosynthetic CO 2 demand is also a function of solar irradiance, hence a direct relationship between O 2 generation rate and CO 2 consumption rate exists. Although during the day both O 2 and CO 2 accumulation takes place, it is negligible with respect to other contributions to the mass balance. Thus, CO 2 consumption could be calculated as the difference between the carbon that entered the system (with the medium, with the bubbled air in the riser of the airlift pump, and with the injected CO 2 -air mixture in the solar receiver) and the carbon that moved out of it in the exhaust air and the cell-free culture medium. The maximum O 2 accumulation rate was very low (8 и 10 −6 mol O 2 min −1 ), and thus the net molar flow equaled the oxygen generation rate.
Influence of Solar Cycle
With all the CO 2 -air mixtures tested, a hyperbolic relationship was observed between O 2 production rate, R O 2 , and CO 2 consumption rate, R CO 2 , as a function of solar irradiance (Fig. 8) . During the night, both O 2 production rate and CO 2 consumption rate were negative due to the presence of respiration, whereas, at noon, maximum values of 0.0040 mol m −3 s −1 were reached. This behavior is typical of light- limited cultures and has been observed previously in Porphyridium cruentum (Rebolloso Fuentes et al., 1999 , Vonshak et al., 1985 and Spirulina platensis cultures (Jensen and Knutsen, 1993) . Although no decrease in O 2 production rate was observed at the highest solar irradiance, a decrease in the photosynthetic activity of the cells was measured at midday (data not shown). This decrease results in a reduction of the efficiency of the cells to utilize the available light at midday (i.e., photoinhibition). This means that the increase in O 2 production at midday due to the high irradiance offsets the decrease in photosynthetic activity at this time.
The existence of photoinhibition in outdoor conditions has been reported extensively (Acién Fernandez et al., 1998; Molina Grima et al., 1996; Rebolloso Fuentes et al., 1999; Vonshak and Guy, 1992) . The maximum photosynthetic rate reached in the present work, 0.0040 mol O 2 m −3 s −1 , was similar to that obtained with Porphyridium cruentum by Ohta et al. (1992) and Rebolloso Fuentes et al. (1999) under laboratory conditions. The high photosynthetic rate observed indicates the adequacy of the culture system utilized, especially when compared with tank reactors for which the measured photosynthetic rates are very low. Thus, Pruder and Bolton (1979) Although a similar daily variation of R O 2 and R CO 2 was observed, some differences were detected, thus modifying the R O 2 :R CO 2 ratio. During the night, the R O 2 :R CO 2 ratio was less than 1.0 (ca. 0.8), increasing with irradiance to 1.2 at 2500 E m −2 s −1 , then decreasing slightly to 1.0 at maximum irradiance (Fig. 8) . This variation implies that metabolic routes were modified during the day. During the night, the synthesis of proteins has been shown to generate oxygen that partially compensates the oxygen consumption with respiration, thus the R O 2 :R CO 2 ratio reached less than 1.0 (Cullen et al., 1985; Syret, 1981 , Turpin, 1991 . When irradiance increases, respiration has been shown to decrease with the R O 2 :R CO 2 ratio increasing up to 1.2 due to generation of oxygen by protein synthesis (Aiba, 1982) . At noon, the high irradiances could potentially damage the metabolic routes of the cells, especially protein synthesis, and thus decreasing the R O 2 :R CO 2 ratio (Jensen and Knutsen, 1993) . Generally, a one-to-one relationship is believed to represent the photosynthesis equation, although deviations could occur due to different metabolic routes or extension of photorespiration phenomena. Thus, Rebolloso Fuentes et al. (1999) observed an R O 2 :R CO 2 ratio of 1.04 in Porphyridium cruentum cultures, whereas Myers (1980) detected a ratio of 0.70 in Chlorella pyrenoidosa cultures. A ratio of 1.1 has been reported by Aiba (1982) . The existence of a linear relationship allows the use of an O 2 production rate (easy to measure) to estimate the carbon consumption rate (difficult to measure) and thus to determine the carbon requirements of the system. If these carbon requirements are known it is then possible to reduce carbon losses by an appropriate injection of CO 2 -air mixtures. Thus, supplying a unique CO 2 -air mixture may not be the most suitable way of providing CO 2 during the entire daylight period. To increase CO 2 uptake efficiency, and thus reduce CO 2 losses during the morning, the concentration of the CO 2 molar fraction could be made lower than at midday, when the carbon photosynthetic demand is higher.
The results show that carbon losses are function of solar irradiance on the culture surface (Fig. 9) . These data refer to the use of pure CO 2 that is injected in the solar receiver. A similar behavior was observed for the rest of the CO 2 -air mixtures tested, although the asymptotic value was somewhat lower. Carbon losses decreased with the solar irradiance on the culture surface from >100% during the night to about 20% at noon (Fig. 9) . The daily variation of carbon losses showed that, on a 24-h basis, two clearly different periods must be considered: night and daylight. During the night, the cells produce CO 2 by respiration, with the pH of the culture decreasing; however, the carbon dioxide desorption from the culture to the air (where the CO 2 molar fraction is lower) brings about some CO 2 injections that are released from time to time. Thus, if CO 2 is injected, losses are >100% at night because the culture also produces CO 2 . On a 24-h basis, night losses represent 60% of total daily carbon losses, whereas, during the daylight period, 17% of injected CO 2 is lost (a mean value of 0.0015 mol CO 2 min −1 lost of 0.0089 mol CO 2 min −1 injected). We conclude from these result that CO 2 injection must be switched off during the night to reduce CO 2 loss. On the other hand, during daylight, CO 2 is taken up by photosynthesis with the pH increasing and then the CO 2 being injected. The higher the solar irradiance the higher the consumption of CO 2 by photosynthesis, with a lower fraction of the CO 2 injected being lost to the air.
The observed daily variations in R O 2 and R CO 2 show that these are short-term response variables, changing in seconds or a few minutes. Long-term response variables like growth rate and composition of the biomass and cell-free culture medium also change (Fig. 6) . Thus, elemental analysis of the biomass shows that the carbon content of the biomass increases during the day whereas the nitrogen content decreases. This behavior is related to the accumulation of carbohydrates during the illuminated period, which are metabolized during the night. Moreover, elemental analysis of the cell-free culture medium (Fig. 6) shows that the content of nitrogen is low in the first hour of the day and increases during the day, indicating that this nutrient is also taken up during the night in order to synthesize proteins. A similar daily variation in cellular metabolism was observed in outdoor cultures of Phaeodactylum tricornutum (Acién Fernández et al., 1998) , Porphyridium cruentum (Rebolloso Fuentes et al., 1999) , Spirulina platensis (Bocci et al., 1988; Torzillo et al., 1991a,b) , and Oscillatoria agardhii (Van Liere et al., 1979) , all attributable to the storage of energy as carbohydrates during the illuminated period which is then metabolized during the night.
The decrease in total inorganic carbon in the cell-free culture medium during the day (−0.011%) (Fig. 6) indicates the inorganic carbon of the medium is consumed, with the concentration of bicarbonate buffer decreasing. This effect is in agreement with the observed increase in pH in the middle hours of the day, suggesting the influence of the bicarbonate buffer (Pruder and Bolton, 1979; Rados et al., 1975) . At high CO 2 consumption rates, CO 2 concentration in the culture decreases and the bicarbonates are decomposed to CO 2 to maintain a constant CO 2 concentration, and therefore pH increases. Injections of CO 2 were triggered but the mass transfer was lower than the consumption rate and a new equilibrium was reached, with the pool of total inorganic carbon becoming lower. Thus, the higher the CO 2 consumption rate the lower the total carbon in the culture. When solar irradiance decreases, the mass transfer of CO 2 is higher than the consumption rate and the opposite phenomena takes place with the bicarbonate buffer being restored. This behavior has also been observed in outdoor cultures of Porphyridium cruentum in a 0.220-m 3 outdoor photobioreactor (Camacho Rubio et al., 1999) , with the total inorganic carbon of the cell-free culture broth decreasing with the photosynthetic rate-in addition, the pH of the cultures was higher due to decrease in bicarbonate buffer concentration. Olaizola et al. (1991) observed the same behavior in outdoor cultures of Tetraselmis chuii in a 5.9-m 2 raceway; the higher the amount of CO 2 injected the lower the pH of the culture, and thus the higher the total inorganic carbon in the culture. Concentrations higher than 2.4 mM (equivalent to dissolved CO 2 in the culture of 5 и 10 −5 M) did not increase the yield of the system, but lower concentrations limited the growth of this microalgae. The decrease in the carbon content in the medium during the day (Fig. 6) suggests that, during daylight hours, the carbon transfer is lower than consumption, and limitation by carbon might take place. However, the minimum measured CO 2 concentration in our culture was 0.0006 M, tenfold higher than the values reported to limit growth in the culture in an open system of some diatoms and Chlorella vulgaris (Markl and Mather, 1985, Weissman et al., 1988) . Moreover, the minimum dissolved CO 2 measured in this work is higher than the minimum threshold reported by Rados et al. (1975) and Lee and Hing (1989) . Therefore, carbon limitation could be neglected in our work. However, during the daylight period, the mass transfer was lower than the CO 2 consumption rate, although the K L a in the solar receiver (0.001 s −1 ) and the driving force at the beginning of the solar receiver were enough to ensure sufficient CO 2 transfer. This was due to the absorption of CO 2 from the bubbles to the culture and desorption of O 2 from the culture to the gas bubbles; the CO 2 molar fraction of the injected gas decreased along the solar receiver, which reduced the driving force.
Influence of CO 2 Content in the Injected Gas
The yield of biomass increased by almost 20% when the CO 2 molar fraction in the injected gas was reduced from 1.0 to 0.4 (Fig. 3) . With less CO 2 in the injected gas, the O 2 generation rate and the CO 2 consumption rate were greater (Fig. 10) . The improvement of the culture conditions when the CO 2 molar fraction in the injected gas decreased was Figure 10 . Influence of CO 2 molar fraction in the injected gas on the oxygen production rate (RO 2 ), carbon consumption rate (RCO 2 ), and the ratio (RO 2 /RCO 2 ). (ࡗ) RO 2 ; (᭝) RCO 2 ; (᭺) RO 2 /RCO 2 . Data correspond to mean values during the daylight period. also observed in the decrease of the R O 2 :R CO 2 ratio (Fig. 10) . Thus, by reducing the CO 2 molar fraction in the injected gas the adequacy of the culture conditions increased and lower storage of carbon-like neutral lipids took place. Because the presence of metabolic routes from carbohydrates to lipids implies the generation of O 2 , and this metabolic route was reduced when the CO 2 mole fraction, the R O 2 :R CO 2 ratio also decreases. These results demonstrate that carbon limitation did not take place; therefore, reducing the CO 2 molar fraction in the injected gas reduces the transfer capacity, but biomass productivity is enhanced. Moreover, the results suggest the existence of one or both of the following phenomena: (1) there is inhibition when high CO 2 molar fractions are used (as reported by Lee and Hing, 1989) ; and/or (2) low CO 2 molar fractions give rise to lower pH variations in the culture (as reported by Olaizola et al., 1991) . Elemental analysis showed that the lower the CO 2 molar fraction in the injected gas the lower the total inorganic carbon in the cell-free culture medium, as a result of the reduction in the concentration of bicarbonate buffer (Fig. 7) . This reduction was accomplished by an increase in the pH and a decrease in the CO 2 concentration in the culture, thus reducing the inhibition by CO 2 . On the other hand, when low CO 2 molar fractions were used, the driving force was reduced, with the mass transfer rate of CO 2 and pH variation being lower. Thus, the cells were exposed to lower gradients along the reactor, which also had a positive effect on the yield of the system (Fig. 11) .
Elemental analysis also showed that reducing the CO 2 molar fraction in the injected gas decreased the carbon and nitrogen content of the biomass, in agreement with the expected variation for cells growing under more optimal conditions (Fig. 7) . This indicates that the lower the CO 2 molar fraction the higher the synthesis of carbohydrates (components with lowest carbon proportion), and thus the lower the synthesis of neutral lipids (components with highest carbon proportion). The carbohydrates constituted a higher fraction of the cells and therefore the carbon and nitrogen contents decreased (Fig. 7) . Because the dilution rate was the same for all of the CO 2 molar fractions assayed, the N:C ratio remained constant (ca. 0.16). This value concurs with data reported by Davidson et al. (1991) .
The carbon losses were markedly decreased upon reduction of CO 2 -air concentration. Thus, the lower the CO 2 molar fraction in the injected gas the lower the oversaturation of the culture with reference to air, and so the CO 2 losses in the riser airlift pump. However, as seen experimentally, the minimum carbon losses in the daylight period were obtained when gas with the 0.60 CO 2 molar fraction was injected, with 9.8% of injected CO 2 being lost; however, when pure CO 2 was injected, the carbon loss in the daylight period was 23.4% (Fig. 12) . Thus, a maximum carbon assimilation efficiency of 63% was obtained during the daylight period when mixtures with the 0.60 CO 2 molar fraction were injected-whereas, if pure CO 2 was injected, the carbon assimilation efficiency decreased to 52%. These results are similar to the previously reported values of 70% in Pormidium bohneri cultures (Talbot et al., 1990) or 54% in Spirulina platensis cultures (Watanabe and Hall, 1996) . The reduction of CO 2 losses when using different CO 2 -air mixtures in comparison with using pure CO 2 allowed calculation of the improvement in the CO 2 economy (Fig. 12) . Thus, 58% economy in CO 2 consumption, in addition to 13% improvement of biomass productivity, was seen when a gas mixture with 0.60 CO 2 molar fraction was injected (Fig. 12) .
In this work, the CO 2 losses at 0.4 molar fraction were higher than at 0.6 molar fraction. This contradicts the results predicted using a previous theoretical model (Camacho Rubio et al., 1999) . This discrepancy can be explained by considering the unavoidable fluctuations occurring in the volumetric air flow bubbles in the riser. It was found that the airflow in the airlift system fluctuated during the 2 months of experimentation, thereby modifying the fluid dynamics and mass transfer in the reactor (Fig. 12) . We studied the fluid dynamics and mass transfer capacity of the system and showed that the superficial liquid velocity, U Lr , and the volumetric mass transfer coefficient, K L a, increased with the superficial gas velocity in the riser, U gr , which is equal to the airflow rate in the riser divided by the riser crosssectional area. The experimental results were fitted to the following functions:
By using these equations, and our previously reported mass transfer model (Camacho Rubio et al., 1999) , the behavior of the system has been simulated. Results show that the model reproduces the behavior of the system, with the carbon losses predicted and experimental data observed being equal (Fig. 13) . The model shows that the carbon losses in the system increased with both the CO 2 molar fraction in the injected gas and the airflow in the riser (Fig. 14) . However, CO 2 losses were influenced more by CO 2 molar fraction in the injected gas than by the airflow, thus the CO 2 molar fraction was the main variable to manipulate to reduce carbon losses in the system. To prevent carbon limitation in microalgal cultures the CO 2 mass transfer rate, N CO 2 , should be higher than the CO 2 consumption rate. For a same value of K L a by injecting pure CO 2 the transfer capacity is maximized. However, the high CO 2 concentration reached in the culture can induce inhibition. In the present work, by using 0.40 CO 2 molar fraction in the injected gas the transfer capacity was similar to the maximum carbon consumption rate, because, to reduce further the CO 2 molar fraction in the injected gas could limit growth (Fig. 15) . The model proposed by Camacho Rubio et al. (1999) can be used as a powerful tool to determine the minimum CO 2 molar fraction that enables sufficient transfer capacity so as not to limit the growth of microalgae or in the use of other systems.
CONCLUSIONS
At low solar irradiance, the carbon consumption rate was low and much of the injected CO 2 was lost. To reduce such losses the pH-control system should be redesigned (low concentrations of CO 2 -air mixture are more suitable at dawn and dusk with high concentrations at midday). The CO 2 molar fraction in the injected gas influenced both the yield of the system and the carbon losses. Biomass productivity was enhanced by reducing the CO 2 molar fraction in the injected gas due to reduction of inhibition phenomena and/or a reduction in the pH gradient. The carbon losses in the system also decreased by reducing the CO 2 concentration in the injected gas due to a lower oversaturation of the culture, thus the desorption in the riser decreased when the culture was air-bubbled. By reducing the CO 2 molar fraction in the injected gas from 1.00 to 0.40, the biomass Figure 15 . Variation of the mean daily CO 2 consumption rate and CO 2 transfer rate within the solar receiver (N CO 2 ), with the composition of the injected gas phase. (ࡗ) CO 2 consumption rate; (छ) CO 2 transfer rate. N CO 2 ‫ס‬ K L a ([CO 2 ]* − [CO 2 ]), where [CO 2 ]* is the equilibrium carbon concentration of the gas inlet of the solar receiver (H CO 2 P T y CO 2 ) and [CO 2 ] is the experimental mean CO 2 concentration in the culture broth (from carbon content of the cell-free culture medium). productivity increased by 20%, and the carbon losses decreased by 60%. Considering that supply of CO 2 represents 30% of the biomass costs, this indicates a reduction of 12% in total cost and a 36% increase in cash flow (Table I) . During the daylight period the CO 2 molar fraction in the injected gas must be at the minimum that allows the control of pH of the culture. This value is not a constant, being a function of the design of the reactor and the fluid dynamics and mass transfer during operation of the reactor. The mass transfer model proposed by Camacho Rubio et al. (1999) allows for a solution of this optimum, and is thus a useful tool in the design and operation of microalgal cultures. CO 2 molar fraction in the gas phase Table I . Relative profits in microalgae cultures when using a CO 2 -air mixture of 0.4 mol fraction with respect to using pure CO 2 as injected gas. Calculations based on the assumption that one third of biomass production cost is due to CO 2 supply (Benemann et al., 1987) .
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